We present a first-principles study of the physical properties of the disordered Ni 2−x MnSb alloys which form a continuous series connecting two typical members of the Heusler alloy family: namely, the half-metallic semi-Heusler alloy NiMnSb ͑x =1͒ and related metallic Heusler alloy Ni 2 MnSb ͑x =0͒. Magnetic moments, exchange interactions, magnon spectra, and Curie temperatures at ambient and elevated pressures are determined and compared with available experimental data. The spin-spin correlation functions at the critical temperature are also calculated. The pair exchange interactions and corresponding classical Heisenberg Hamiltonian are derived from self-consistent electronic structure calculations using a magnetic force theorem. Heusler alloys NiMnSb and Ni 2 MnSb exhibit strikingly different asymptotic behavior of exchange interactions with the distance between magnetic atoms. The Curie temperatures are estimated using multisublattice versions of the mean-field approximation, random-phase approximation, and Monte Carlo simulations. The robustness of the results with respect to the effect of correlations beyond the local density approximation, the selected reference state used for mapping to the Heisenberg Hamiltonian, and the applied mapping procedure are also discussed.
I. INTRODUCTION
The evaluation of the finite-temperature properties of complex materials on an ab initio level remains a challenge for solid-state theory. In recent years, interest in model Hamiltonians has been increasing due to the possibility to obtain values of their parameters from modern parameterfree theories of the electronic structure of solids based on density functional theory 1 in the framework of the local spindensity approximation ͑LSDA͒. An enormous growth of computer power allows one to obtain realistic parameters for complex materials with a reasonable effort. The finitetemperature study of such model Hamiltonians can be then done using sophisticated statistical methods. This two-step approach has been used by a number of authors also for the finite-temperature properties of magnetic materials studied in the framework of the classical Heisenberg Hamiltonian. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The concept of local magnetic moments in such magnetic systems is justified by the adiabatic approximation 2,14 valid in particular for systems with well-developed magnetic moments like, e.g., Mn and Fe.
Most of such studies were, however, related to systems with a simple lattice [2] [3] [4] 10 or to systems with magnetic moments relevant just on one of the sublattices of a complex lattice. 6, 8, 9, 13 The Heusler-type alloys represent an example of a magnetic system with the complex lattice and with welldocumented physical properties, including transition temperatures. Very recently the exchange interactions and Curie temperatures of some Heusler alloys have been calculated. 5, [11] [12] [13] The authors of Refs. 5, 12, and 13 used frozen-magnon calculations in the framework of the generalized gradient approximation ͑GGA͒ to extract exchange interactions while direct evaluation of such interactions in real space 2, 15 was used in Ref. 11 . The transition temperatures of the resulting classical Heisenberg Hamiltonian were then estimated in the framework of the mean-field approximation ͑MFA͒, and good agreement with experimental results has been obtained. This is surprising due to the fact that in previous studies the MFA values usually overestimated the experimental critical temperatures.
It is the main purpose of this paper to perform a detailed study of the physical properties of Heusler alloys Ni 2 MnSb and NiMnSb and their continuous series Ni 2−x MnSb. Finitetemperature studies of spin fluctuations and corresponding Curie temperatures are obtained from the multisublattice Heisenberg Hamiltonian derived from corresponding firstprinciples calculations. The Heisenberg Hamiltonian was constructed by a direct evaluation of exchange parameters in real space using an approach described in detail in Refs. 2 and 4 and generalized to the case of complex lattices and disordered systems. 9 In addition to the MFA, we have also employed the multisublattice random-phase approximation 16 ͑RPA͒ and Monte Carlo simulation 8 ͑MCS͒ methods to estimate the corresponding critical temperatures of the Heisenberg Hamiltonian. We will also study the variation of the Curie temperature under the external pressure, evaluate the magnon spectra, and investigate magnetic short-range order in the paramagnetic state above the Curie temperature for both alloys.
Because exchange interactions and related critical temperatures can depend on the details of the mapping procedure, we have also investigated their dependence on electron correlations, the reference state used for mapping and its possible versions, and the effect of electronic entropy with the aim to establish the theoretical "error bar" of the present approach.
II. METHOD OF CALCULATION
In this section we briefly summarize the calculational approaches used to determine the electronic structure, exchange integrals, and Curie temperatures of Ni 2−x MnSb alloys.
A. Electronic structure
Electronic structure calculations were performed within the tight-binding linear muffin-tin orbital ͑TB-LMTO͒ method and the atomic sphere approximation ͑ASA͒ using the spd basis set. The effect of disorder was described by the coherent-potential approximation ͑CPA͒ as implemented in the framework of the TB-LMTO method. 17 We employ as a reference state for the construction of the Heisenberg Hamiltonian both the ferromagnetic ͑FM͒ and the disordered local moment ͑DLM͒ states ͑see also Ref. 10͒. The DLM state can be naturally treated in the framework of the CPA: the Mn moments have collinear but random positive ͑Mn + ͒ and negative ͑Mn − ͒ orientations and similarly for Ni moments.
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For example, the NiMnSb ordered alloy is treated as a multicomponent random alloy ͑Ni 0.5 + Ni 0.5 − Mn 0.5 + Mn 0.5 − ͒Sb and similarly for other alloys. Empty spheres were introduced for NiMnSb at the place of missing fcc sublattice for a good space filling. This sublattice is partially ͑fully͒ occupied by Ni atoms in the case of Ni 2−x MnSb ͑Ni 2 MnSb͒ alloys. Lattice parameters were taken from the experiment.
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B. Calculation of exchange parameters
The classical multisublattice Heisenberg Hamiltonian in the zero external magnetic field can be written in the following form:
where J ij ␣␤ are exchange parameters, i , j are unit cell indices, ␣ , ␤ are sublattice indices, and e i ␣ is the unit vector parallel to the magnetization at the site i on the sublattice ␣. The positive ͑negative͒ values of J ij ␣␤ correspond to the ferromagnetic ͑antiferromagnetic͒ couplings, respectively, and the magnitudes of corresponding magnetic moments are included in the definition of J ij ␣␤ . In random alloys, an additional index labeling an atom type Q on a given sublattice will appear-e.g., Q = A, B for a binary alloy of elements A and B. As will be obvious later, in the present case we can still keep the above simpler notation even for the case of Ni 2−x MnSb alloys. The translational symmetry of the crystal ͑or of the configurationally averaged random alloy͒ implies J ij ␣␤ = J i−j,0 ␣␤ while the on-site terms are zero: namely, J ii ␣␣ =0. The exchange interactions were obtained by mapping ab initio electronic structure calculations to the classical Heisenberg Hamiltonian. 2 In the the framework of the TB-LMTO-ASA method we obtain 4,9
The energy integration is performed along a contour in the complex plane which encircles occupied part of valence band and the trace runs over the angular momentum indices L = ͑ᐉ , m͒. The quantities g ij ␣␤, ͑z͒ ͑ = ↑ , ↓ ͒ and ⌬ i ␣ ͑z͒ are, respectively, the site off-diagonal blocks of the auxiliary Green functions and differences P i↑ ␣ ͑z͒ − P i↓ ␣ ͑z͒ of the potential functions P i ␣ ͑z͒ of the TB-LMTO-ASA method. 17 For the dominating d states are ⌬ i ␣ ͑z͒ proportional to the corresponding exchange splitings ͑local magnetic moments͒ on atoms. 11 A similar expression can be also used to derive exchange parameters in random alloys: the auxiliary Green function is then substituted by its conditionally averaged counterpart evaluated in the framework of the CPA. 9 In the case of the DLM state one has to take into account in addition the sign change for Mn − sites: all corresponding interactions among Mn ± sites are then the same. It should be noted that exchange interactions estimated from the DLM reference states are in general more localized because of damping introduced by the spin-disorder treated in the framework of the CPA.
C. Calculation of transition temperatures
We will determine the Curie temperature T C in the framework of the MFA, RPA, and MCS approaches. The Curie temperature in the framework of the multisublattice MFA Refs. 5, 11, and 16 is related to an eigenvalue problem of the real symmetric matrix J͑0͒ with elements J ␣␤ ͑0͒: namely,
where ͗e z ␣ ͘ is the thermodynamically averaged z component of the unit vector e i ␣ and k B is the Boltzmann constant. The MFA critical temperature T C MFA is then given by the maximum eigenvalue of the J͑0͒ matrix. 5, 11, 19 The evaluation of the Curie temperature within the RPA for more than one sublattice requires an iterative calculation. The averages ͗e z ␣ ͘ are connected with the lattice Fourier transform of exchange interactions, J ␣␤ ͑q͒ = ͚ i J 0i ␣␤ e iq·R 0i , by the following expression:
where T C RPA is the RPA estimate of the Curie temperature, ⍀ is a volume of the first Brillouin zone, and the elements N ␣␤ ͑q͒ of the matrix N͑q͒ are given by
In the case of a simple lattice this result reduces to that in Ref. 4 . The zero step ͗e z ␣ ͘ can be obtained from the meanfield sublattice values and then we iterate Eqs. ͑4͒ and ͑5͒ until self-consistency is achieved. The RPA Curie temperature is always lower than the corresponding MFA value, T C RPA Ͻ T C MFA . 16 In the case that all J ij ␣␤ are positive ͑ferromag-netic͒, it can be shown that T C RPA represents a lower estimate of the critical temperature. 20 On the other hand, the MFA neglects spin fluctuations and therefore magnetic moments are artificially more rigid and critical temperatures overestimated. 19 Alternatively, Eq. ͑4͒ can be considered as a limit T → T C of a more general expression
where L͑x͒ = coth͑x͒ −1/x is the Langevin function. This allows us to calculate the magnetization as a function of the temperature. The temperature T at which ͗e z ␣ ͘ ͑T͒ goes to zero coincides with T C as obtained by Eq. ͑4͒. The determination of T C from Eq. ͑6͒ is much more demanding computationally, but on the other hand, it is more robust and provides more complete information about the system. For more details concerning the multisublattice RPA we refer to our recent paper. 16 We have two remarks concerning the numerical evaluation of T C in the RPA. The divergence occurring in the integrand at q =0 ͓see Eq. ͑4͔͒ is treated here by an analytic deconvolution method 4 which employs the relation f͑0͒ Ϸ 4f͑i͒ − f͑2i͒ − f͑ + i͒ − f͑− + i͒ valid for any analytical function and exact up to the fourth order in . The deconvolution parameter is a small real number as compared to k B T C . The resulting T C is slightly increased proportionally to , and the estimated error is of order of few K. We have verified that the neglect of small induced magnetic moments on the Sb sublattice ͑eventually on the sublattice of empty spheres in NiMnSb and Ni 2−x MnSb͒ has led to a negligible error of about ±1 K. This fact has been used in the numerically demanding MCS studies while all sublattices were included in the case of the RPA.
We have also investigated the dependence of T C on the cutoff parameter R max of exchange interactions. While T C RPA is nearly converged already for R max Ϸ 2a in the NiMnSb alloy due to the exponential damping of interactions with a distance ͑see Sec. III B͒, T C RPA for the Ni 2 MnSb compound with long-range interactions does not converge even for R max =4a. To overcome this difficulty, we have employed an approach similar to that used in Ref. 4 . We replace J ij ␣␤ by J ij ␣␤ exp͑−R ij ␣␤ ͒, where R ij ␣␤ denotes the distance between the i␣ and j␤ sites, and calculate T C as a function of the damp-
For a large enough the T C ͑͒ converges quickly with R max and the Curie temperature is obtained by extrapolating T C ͑͒ to T C ͑ =0͒. The extrapolated values using linear and parabolic fits were almost the same, and the estimated error was less than 10 K in the least favorable case of the ordered Ni 2 MnSb alloy with long-range interactions. The MCS has employed the Metropolis algorithm where the critical temperature was evaluated by means of the cumulant crossing method. 21 In this method, it has been shown that the fourth-order cumulant
2 has a size-independent universal fixed point U * at k B T c . In this way, T c is extracted from the unique intersection point U * when U 4 is calculated for a number of different lattice sizes as a function of temperature. We have therefore calculated U 4 for a number of different lattice sizes on the Mn and Ni sublattices and the total number of sites was varied between 4096 and 32 768 for NiMnSb and between 6144 and 49 152 for Ni 2 MnSb. The thermal average of the magnetization was measured for around 50 000 Monte Carlo steps per lattice site.
The MCS is demanding computationally and therefore one has to limit the number of exchange interactions taken into consideration ͑the cutoff parameter R max ͒, in particular for the case of a few sublattices. Numerous tests have shown that the sensitivity of the MCS to the cutoff parameter R max is roughly similar to that of the MFA. This makes it possible to restrict R max used in simulations to the value where the MFA sum ͑3͒ converges. The long-range behavior of exchange interactions found in Ni 2 MnSb makes evaluation of the Curie temperature more difficult as compared to the NiMnSb case because a larger number of shells has to be used to obtain well-converged results. The neglect of J ij Mn,Ni and J ij Ni,Ni interactions influences the resulting Curie temperatures only weakly ͑see Sec. III A͒. Using this fact, we used the MCS, employing only Mn-Mn interactions, but with the cutoff set to R max = 3.24a. Only for NiMnSb with well-localized exchange interactions did we also do calculations including both J ij Mn,Ni and J ij Ni,Ni but with a smaller cutoff of R max = 2.236a. Unfortunately, we were unable to estimate the error bar of these choices because the numerical effort to get such estimates is too large.
The evalution of Curie temperatures of random Ni 2−x MnSb alloys is facilitated by the fact that the Mn sublattice, one of the Ni sublattices, and the Sb sublattice are nonrandom. The evaluation of the Curie temperature is thus straightforward for a model which employs only J Mn,Mn interactions: the calulations proceed like in an ordered case but with J Mn,Mn and J Mn,Ni interactions between spins on nonrandom Mn and Ni sublattices modified by the alloy disorder. The multisublattice calculations will be done in the framework of the average lattice model for random interactions 9 
J
Mn,Ni between Mn spins and Ni spins on the partially filled Ni sublattice. In this approximation we substitute the disordered lattice by an ordered one with effective interactionsnamely, J eff Mn,Ni = xJ Mn,Ni , where x is the concentration of Ni atoms on the disordered sublattice-and we neglect the contribution from empty sites. The average lattice approximation is inapplicable for diluted systems with localized interactions due to the effect of magnetic percolation. 8 Here, even for the lowest Ni concentration ͑Ni 1.25 MnSb͒ we are beyond the percolation limit for the fcc lattice. In addition, the exchange interactions J Mn,Ni are very small ͑see Sec. III B͒, thus further reducing a possible error introduced by the average lattice approximation. Random alloys were studied only using the MFA and RPA approaches.
Finally, it should be mentioned that the present construction of the Heisenberg Hamiltonian on which estimates of the Curie temperature are based is exact in the long-wave limit-i.e., for q → 0. 15, 22 It is thus particularly suitable for the RPA calculations, results of which depend strongly on a correct description of J͑q͒ for q close to zero. It is possible to go beyond this limit by using the "exact" approach based on linear response theory. 15 We shall employ here an equiva-lent renormalized magnetic force theorem formulation of Bruno. 22 This formulation is particularly simple for the RPA in the limit neglecting Mn-Ni interactions: the corresponding correction enhances T C according to the expression 22 ͑the renormalized RPA͒
Here, m Mn denotes the average magnetic moment ͑in B ͒ on the Mn sublattice and ␦ Mn denotes the corresponding averaged exchange splitting on Mn atoms estimated from the present LSDA calculations.
III. RESULTS AND DISCUSSION
A. Electronic structure
NiMnSb and Ni 2 MnSb ordered alloys crystallize in C1 b and L2 1 structures, respectively.
18 Two structural models are thus possible for Ni 2−x MnSb alloys: namely, C1 b -and L2 1 -like structures. In the former one, the Ni atoms gradually occupy interstitial sites in the ordered NiMnSb in an amount 1−x while in the latter case there is a symmetric occupation of both Ni sublattices in the ordered Ni 2 MnSb alloy by vacancies in an amount x / 2 each. The ab initio calculations, either simulating disordered alloys by ordered supercells 13 or based on the description of the disorder in the framework of the CPA as in the present case, agree on the energetical preference of the C1 b structure. X-ray and neutron diffraction experiments confirm this result for x ജ 0.3 while a more complex picture emerges for x Ͻ 0.3 with a possible chemical disorder among Mn, Ni, and vacant sites. 18 The details of possible arrangements are not known, and we will assume the C1 b structure for all studied random alloys: Ni 1.25 MnSb, Ni 1.5 MnSb, and Ni 1.75 MnSb.
The densities of states ͑DOS͒ for NiMnSb, Ni 1.5 MnSb, and Ni 2 MnSb alloys are presented in Fig. 1 . Two competing effects influence the bandwidth of NiMnSb as compared to Ni 2 MnSb: the slightly smaller ͑about 1.3%͒ lattice constant and smaller coordination of Mn atoms with Ni neighbors. The net effect is a narrower d-band width in NiMnSb as seen in Fig. 1; i. e., the smaller coordination prevails.
However, the most remarkable difference between NiMnSb and Ni 2 MnSb is the half-metallicity of NiMnSb: the Fermi energy lies in the gap of the minority states. This fact has a pronounced influence on the behavior of exchange parameters as a function of the distance ͑see Sec. III B͒ because exchange parameters depend sensitively on the electronic states at the Fermi energy and the Fermi surface topology in particular. It is thus obvious from Fig. 1 that the behavior of exchange parameters will be dominated by minority electrons. The partial occupation of interstitial sites in random Ni 2−x MnSb, x = 0.25, 0.5, and 0.75, adds electrons to the valence band and destroys the half-metallicity and all alloys are metals, similarly as Ni 2 MnSb. This is illustrated in Fig. 1 for Ni 1.5 MnSb alloy. The critical concentration of Ni atoms on the interstitial sublattice for the disappearance of the gap in minority states we found at approximately 12%.
The calculated local magnetic moments of Ni 2−x MnSb alloys for ambient pressure and under pressure are summarized in Table I . Calculated values depend weakly on the alloy composition and are in a fair agreement with available experimental values 18 as well as with recent theoretical calculations. 5, 11, 12 The local moments on Mn sites dominate The calculations under pressure were done for the lattice constant reduced about 3% as compared to the experimental one which roughly correspond to the experiment done on Ni 2 MnSb. 23 No experimental data are available for NiMnSb, and we have therefore assumed the same reduction of the lattice constant as for Ni 2 MnSb. We observe the decrease of local Mn moments which is due to the increasing overlap of wave functions resulting from reduced interatomic distances. On the other hand, Ni moments increased due to stronger hybridization. Similar results were obtained recently in an extensive study of the physical properties of Ni 2 MnSb under pressure. 12 The unit cell moment for NiMnSb under pressure is smaller than 4 B , indicating that the alloy is no longer a half-metal. This will have a pronounced effect on exchange interactions ͓see Fig. 3͑b͔͒ .
Total energy calculations confirm the stability of the FM state as compared to the DLM state: E DLM − E FM = 15.09 mRy and 6.43 mRy per formula unit for NiMnSb and Ni 2 MnSb, respectively. Consequently, one can expect that the Curie temperature of NiMnSb will be more than 2 times larger as compared to Ni 2 MnSb ͑see Table II͒.
B. Exchange interactions
The calculated exchange interactions between Mn-Mn and Mn-Ni pairs in NiMnSb, Ni 1.5 MnSb, and Ni 2 MnSb alloys are shown in Fig. 2 . Exchange interactions are in general reduced with increasing Ni content, but their detailed behavior as a function of Ni concentration is rather complex. With increasing Ni content the leading first nearest-neighbor ͑NN͒ interactions on the Mn sublattice, J 1 Mn,Mn , are reduced less as compared to the second NN but the fourth NN interactions at the same time increase. Such irregular behavior indicates the crossover from the RKKY-type behavior of exchange interactions in metallic Ni 2 MnSb with a pronounced oscillatory behavior to the exponentially damped and more localized interactions in the half-metallic NiMnSb ͑see below͒. In random Ni 2−x MnSb alloys there are two kinds of 24 Here, however, the magnetic atoms occupy each site of the Mn sublattice as contrasted to randomly distributed Fe impurities 
FIG. 3. Exchange interactions J
Mn,Mn along the direction ͓110͔ on the Mn sublattice: ͑a͒ Ni 2−x MnSb for x = 0, 0.25, and 1.0, ͑b͒ NiMnSb at ambient pressure and at the presure corresponding to the lattice constant reduced by 3%, and ͑c͒ the same as in ͑b͒ but for Ni 2 MnSb. found in diluted canonical spin-glass alloys. It should be noted that we also observe a preasymptotic region for small interatomic distances as well as a strong space anisotropy of interactions along different directions ͑not shown͒ found recently also for the diluted magnetic semiconductors. 9 Such an anisotropy is clearly related to the space anisotropy of the underlying lattice as contrasted to the isotropic dependence found in the free-electron host ͑the conventional RKKY model͒.
The behavior of exchange interactions in the half-metallic NiMnSb is strikingly different. The Fermi energy in the gap of minority states ͑see Fig. 1͒ leads to an exponential damping of the corresponding Green function g ij ␤␣,↓ ͑z͒ with distance d ij , and the same is also true for exchange interactions, Eq. ͑2͒, as explained in detail in Refs. 4 and 9.
The effect of disorder in the incompletely occupied Ni sublattice is illustrated for Ni 1.75 MnSb alloy. The dominating feature is the onset of oscillations due to the crossover from the half-metallic behavior in NiMnSb to the metallic one in Ni 1.75 MnSb. There is a strong disorder between d states on Ni atoms and vacant sites ͑the split-band regime 17 ͒ but the states on the nonrandom Mn sublattice at the Fermi energy are influenced by this disorder only indirectly, via the hybridization. Nevertheless, this disorder leads to a small damping of RKKY-like oscillations with distance as contrasted with case of the ordered Ni 2 MnSb alloy.
In the same way, an observed onset of oscillations in NiMnSb under pressure, Fig. 3͑b͒ , is a precursor of its metallic state. The applied pressure modifies electronic states and hence also the Fermi surface topology of Ni 2 MnSb and, consequently, leads to modified periods and amplitudes of oscillations as illustrated in Fig. 3͑c͒ .
A simple application of calculated exchange parameters is the evaluation of the spin-wave spectra E͑q͒ corresponding to the Mn-Mn interactions, 5 which is given by the expression 4 
E͑q͒
Here, m Mn is the local magnetic moment ͑in B ͒ on the Mn sublattice ͑see Table I͒ and J Mn,Mn ͑q͒ is the lattice Fourier transform of the real space J ij Mn,Mn , Eq. ͑2͒. The calculated spin-wave spectra are presented in Fig. 4 along the lines of high symmetry in the first Brillouin zone. The results for Ni 2 MnSb alloy along the line ⌫-X agree well with those calculated using the frozen-magnon approach. 5 The negative slopes in the magnon spectra of Ni 2 MnSb are known as Kohn anomalies. Such anomalies were found earlier, e.g., in the spin-wave spectra of the ferromagnetic bcc Fe crystal. 4, 25 It should be noted that a large number ͑of order 100͒ of J Mn,Mn exchange interactions is needed to recover them from the lattice Fourier transform of real-space exchange interactions. 4 The experimental finding of Kohn anomalies is difficult due to the finite lifetime of magnons close to the zone boundaries and due to a possible merging of spin-wave spectra into the continuum of Stoner excitations. The spinwave spectrum of NiMnSb exhibits larger curvature at q = 0, thus indicating a larger spin-wave stiffness constant of NiMnSb as compared to Ni 2 MnSb.
C. Curie temperatures
The calculated Curie temperatures for Ni 2−x MnSb alloys ͑see Table II͒ decrease with the increasing Ni concentration, in agreement with the experiment. 18 We also reproduce the faster decrease of the Curie temperature from NiMnSb to Ni 1.5 MnSb as compared to its decrease from Ni 1.5 MnSb to Ni 2 MnSb. The experimental Curie temperatures over the whole concentration range are also in fair quantitative agreement with the RPA estimates, the agreement being better for Ni-rich alloys. The MCS values ͑when available͒ are slightly higher as compared to the RPA ones but both the RPA and MCS estimates compare with the experiment much better as compared to the MFA values.
In Table II we also present estimates of the Curie temperature of ordered NiMnSb and Ni 2 MnSb under pressure. In agreement with the experiment 23 as well as with the study employing the frozen-magnon approach 12 we obtain an increase of the Curie temperature of Ni 2 MnSb with pressure. On the contrary, the change of the Curie temperature with pressure is very weak for the half-metallic NiMnSb alloy. We present in Fig. 5͑a͒ the pressure dependence of exchange interactions in Ni 2 MnSb which explain an increase of the Curie temperature with pressure.
D. Spin-spin correlation function
It is also interesting to study the character of spin fluctuations above the Curie temperature in the paramagnetic region. We have evaluated the real-space spin-spin correlation function
by using the Monte Carlo method similarly to the case of ferromagnetic transition metals. 28 Here, G͑0͒ = 1, and G͑r ij ͒ is an overall decreasing function with respect to the distance. The system lacks long-range order if G͑r ij ͒ goes to zero at long distances. The inverse correlation length , which can be measured experimentally, can be estimated by fitting the calculated G͑r ij ͒ as a function of the distance d = ͉r ij ͉ to the Ornstein-Zernicke form G͑d͒ ϰ exp͑−d͒ / d. A related quantity, which characterizes the amount of magnetic short-range order in the system, is the averaged angle between the nearest-neighbor spins, ␣ NN . In a fully correlated ferromagnetic state it is ␣ NN = 0°while for random spins without correlation is ␣ NN = 90°. In Fig. 6 we show the spin-spin correlation function calculated as a function of the distance between spins for two temperatures in the paramagnetic state just above the corresponding Curie temperature. A fit to the Ornstein-Zernicke form, valid in the long-wavelength limit, was done by omitting the first two nearest neighbors. Similarly to the case of bcc Fe, 28 we observe only small deviations of G͑d͒ as a function of d from the monotonically decreasing Ornstein-Zernicke form. The results depend very weakly on the choice of reference state used for mapping: namely, the fully correlated FM state and disordered DLM state. The higher values of the correaltion functions in Ni 2 MnSb as compared to NiMnSb reflect the more localized exchange interactions in the latter system. The calculated ␣ NN for NiMnSb ͑Ni 2 MnSb͒ at T c is 79°͑69°͒ which should be compared with ␣ NN = 74°for bcc Fe. 28 These values slightly increase with temperature. There is thus a relatively small amount of magnetic short-range order in the paramagnetic region in both alloys. Finally, the inverse correlation lengths expressed in units of the inverse lattice constant are 1.200 ͑0.986͒ for NiMnSb ͑Ni 2 MnSb͒ at T Ϸ 1.2T c . These values compare well with bcc Fe for which = 1.05 for T = 1.25T c . We did not find corresponding experimental values for Heusler alloys.
E. Curie temperature and computational parameters
Most of calculations in this paper were done by using the LSDA, the FM reference state, and the mapping assuming the adiabatic approximation. This is a conventional approach also employed in related papers 5, [11] [12] [13] in the field. A noticeable exception is a recent study of the bcc Fe ͑Ref. 10͒ in which the DLM reference state was used. We wish therefore to discuss the robustness of the calculated Curie temperatures with respect to some factors which can influence it. In particular, we consider the effect of ͑i͒ electron correlations beyond the LSDA, ͑ii͒ the choice of the reference state for mapping, ͑iii͒ the mapping itself, and ͑iv͒ the influence of the electronic entropy.
The effect of electron correlations on the electronic structure of NiMnSb was recently discussed using dynamical mean-field theory. 26 Using the similar parameters ͑Hubbard U = 0.2 Ry, J = 0.06 Ry͒ we have evaluated T C for NiMnSb using the LSDA+ U approach 27 and obtained T C = 810 K in the RPA ͑the FM reference state, all sublattices included͒. This temperature agrees with the experiment slightly better as compared to the LSDA value, but one should be cautious because of the uncertainty in the Hubbard U. In Fig. 5͑b͒ we compare exchange interactions J Mn,Mn and J Mn,Ni evaluated in the LSDA and LSDA+ U. While the nearest neighbor J Mn,Mn is larger in the LSDA+ U as compared to LSDA, the net effect is a lowering of T C due to the next antiferromagnetic ͑AFM͒ couplings with larger shell numbers.
The FM and DLM reference states differ in the amount of spin correlations; the FM state is fully correlated while there are no spin correlations in the DLM state. The DLM reference state in general leads to slightly different electron occupations of majority and minority bands and, in turn, also to different Fermi surfaces, exchange parameters, and critical temperatures. Despite the fact that these changes are small, they influence exchange interactions in all shells and their effect on T C may not be negligible. As seen from Table II , the DLM state, with a higher total energy as compared to the FM state, enhances T C . In some cases-e.g., for bcc Fesuch a choice leads to very good agreement with the experiment. 10 The last effect which can influence the value of T C is the electronic entropy. The mapping is done for T = 0 while, strictly speaking, it should be done for T = T C by introducing the Fermi-Dirac function into Eq. ͑2͒. Preliminary tests indicate a negligible effect on T C for T ഛ 500 K while for T ജ 1000 K corresponding changes, which lower estimated T C , could amount to tens of K. The strength of this influence increases with temperature.
IV. CONCLUSIONS
In conclusion, we have calculated magnetic moments and exchange interactions of Heusler alloys Ni 2−x MnSb and estimated the corresponding Curie temperatures using the MFA, RPA ͑renormalized RPA͒, and MCS approaches applied here to the case of complex lattices with a few sublattices. We have also discussed the effect of pressure on exchange interactions and critical temperatures. The present study demonstrates good quantitative agreement of the calculated and experimental Curie temperatures for this alloy system evaluated using the RPA ͑renormalized RPA͒ and MCS approaches while the MFA overestimates critical temperatures and was found to be inaccurate for reliable quantitative estimates of T C for magnetic materials with well-localized magnetic moments. Its success in particular cases 5, 11, 12 is to some extent fortuitous. We have also presented a detailed analysis of exchange interactions in the Ni 2−x MnSb family of Heusler alloys. The end-point members NiMnSb and Ni 2 MnSb exhibit a strikingly different behavior: they are strongly damped with the distance between atoms for the halfmetallic NiMnSb while a well-pronounced RKKY-type behavior is found for the metallic Ni 2 MnSb with the crossover between these limits in random alloys. One can conclude that properties of Ni 2−x MnSb Heusler alloys are controlled by the behavior of the minority electrons at the Fermi energy. We have also found a weak magnetic short-range order above the Curie temperature by evaluating the real-space spin-spin correlation function and related quantities. These results are similar to those found earlier in conventional transition-metal ferromagnets. Finally, the present results also indicate some sensitivity of the calculated exchange interactions and estimated critical temperatures to the details of the electronic structure calculations ͑the reference state used for mapping, the mapping itself, the electronic entropy effects, and the influence of electron correlations beyond the LSDA͒. This is understandable but it should be kept in mind when comparing the results of different approaches in detail with the aim of finding the theoretical "error bar" for each specific magnetic system.
